categorize patients. Imaging evidence of any significant posterior fossa comorbidity precluded participation in the study: posterior fossa tumor (26 patients), posterior fossa arachnoid cyst (45 patients), prior posterior fossa surgery other than Chiari decompression (23 patients), prior Chiari decompression (17 patients), significant mass effect from a primarily supratentorial process (17 patients), volume loss from prior stroke (9 patients), or developmental abnormality including Chiari Type II (14 patients). Magnetic resonance images for 2551 patients were reviewed to assemble 8 groups of 300 patients each (2400 total patients) for analysis.
Of the 2400 patients selected for examination, 1380 were females and 1020 were males, reflecting a female preponderance in the overall group of 62,533 patients undergoing MRI examination at our institution. Magnetic resonance images for each of the 2400 selected patients were reviewed, and tonsil position measurements were recorded. For each patient, the lowest tonsil position was determined by first drawing a line from the basion to the opisthion on a midsagittal T1-weighted MR image. Next, a line was drawn perpendicular to the basion-opisthion line and extending either superiorly or inferiorly to the tip of the cerebellar tonsils. The length of this second line from the tonsil tip to the basion-opisthion line was recorded as the tonsil position. For purposes of this analysis, tonsils extending caudally to the basion-opisthion line were assigned positive values, and tonsils that ended rostrally to the basion-opisthion line were assigned negative values. Tonsils that ended at the basion-opisthion line were assigned a value of 0. Measurements were recorded to the nearest millimeter. Two tonsil measurements were taken for each patient: one in the midsagittal plane and one in the parasagittal plane that corresponded to the lowest tonsil position on the left or right side. Coronal images were then examined to determine if there was a difference in tonsil position between the left and right side. Finally, tonsil morphology for each patient was assigned to one of 3 categories: rounded, pegged, or intermediate (Fig. 1) . Each image was measured, and measurements were agreed on by 2 investigators, one of whom was a board-certified pediatric neurological surgeon.
Clinical data for each patient was reviewed, and patients with a clinical diagnosis of CM were identified. Of the 2400 patients, 22 had a clinical diagnosis of CM according to the treating physician. For certain portions of our analysis, these 22 patients were excluded and the remaining 2378 patients were considered separately. Most of the 22 patients with a clinical diagnosis of CM were in the youngest age groups: 14 in the 0-10 years group, 2 in the 21-30 years group, 4 in the 31-40 years group, and 2 in the 41-50 years group. The SAS 9.2 statistical software (SAS Institute Inc.) was used to generate reports and figures based on the data. Simple descriptive statistics were generated using the means procedure. Histograms were generated using the univariate procedure. The lowest tonsil position for each patient, without respect to laterality, was used for analysis of tonsil position.
Results
The lowest measurement for cerebellar tonsil position varied according to age group (Tables 1 and 2 ). In general, the mean tonsil height decreased slightly with advancing age into young adulthood and increased gradually with advancing age in adulthood (Fig. 2 upper) . This trend persisted when 22 patients with a clinical diagnosis of CM were excluded from analysis ( Fig. 2 lower) . An increasing age in the adult age range was significantly associated with a decreased likelihood of a tonsil position 5 mm or more below the foramen magnum (p = 0.0004).
In general, distribution of the lowest tonsil position in each age group followed a normal-type distribution. An exception to this pattern was found in the 1st decade of life (Fig. 3A) in which the normal distribution pattern was skewed toward higher tonsils, although a small group of outliers had very low tonsils. Each of the adult age cohorts followed an essentially normal distribution pattern with a gradual shift of the curve toward a higher mean tonsil position with advancing age (Fig. 3C-H) . Female sex was associated with a lower mean tonsil position (Table 3 ; p < 0.0001). Among all age groups, 47 females (2%) and 27 males (1%) had tonsils at least 5 mm below the foramen magnum. Given that only 20 patients with pegged tonsils were included in the study, female sex was not significantly associated with pegged tonsil morphology in this group (p = 0.2).
Most patients had rounded tonsil morphology. Two thousand three hundred thirty-five patients (97%) had rounded tonsils, 45 (2%) had intermediate morphology, and 20 (1%) had pegged morphology. Patients with pegged morphology were more likely to have a tonsil location at least 5 mm below the foramen magnum (85%), as compared with those with intermediate (38%) or rounded (2%) morphology (p < 0.0001). Three patients with a tonsil position less than 5 mm below the foramen magnum had pegged tonsils. Of the 74 patients with a tonsil position at least 5 mm below the foramen magnum, 40 (54%) had a rounded configuration. Patients with a tonsil position 3-5 mm below the foramen magnum were unlikely to exhibit pegged morphology. Only 1 (0.5%) of 212 patients in that group had pegged morphology and 4 (2%) had intermediate morphology.
In most cases (84%), the right and left tonsils had symmetric locations with respect to the foramen magnum. Two hundred seventy-four patients had a lower right tonsil (11%), and 101 patients (4%) had a lower left tonsil. Patients with a lower tonsil position tended to have an asymmetrical tonsil position, usually lower on the right (p < 0.0001). Of the 212 patients with the lowest tonsil 3-5 mm below the foramen magnum, 141 (67%) had symmetric tonsils, 52 (25%) had a lower right tonsil, and 19 (9%) had a lower left tonsil. Of the 74 patients with a tonsil position 5 mm or more below the foramen magnum, 38 (51%) had a symmetric tonsil position, 29 (39%) had a lower right tonsil, and 7 (9%) had a lower left tonsil.
Discussion
We evaluated a random sample of patients undergoing neuroimaging at our institution to assess the position and morphology of the cerebellar tonsils. Our data support several conclusions regarding tonsil position. The position of the cerebellar tonsils with respect to the foramen magnum follows a normal distribution pattern in most age groups. The mean tonsil height decreases during childhood and young adulthood and then increases gradually with advancing age. Females have, on average, a lower tonsil position than males, and the right-sided tonsil is lower more often than the left. The distribution pattern of tonsil position suggests a multifactorial inheritance pattern similar to other normally distributed morphometric features such as height or head circumference. Given this pattern, it is still possible to account for the emergence of familial tendencies in CM, 5, 39, 40 perhaps as a result of multifactorial inheritance tendencies for posterior fossa dimensions. Although the identification of a genetic locus for CM inheritance remains an area for investigation, 10, 22, 29, 36 we believe that a discrete genetic cause that accounts for most cases of CM is unlikely to be found given the population distribution pattern that we report.
While prior publications with small sample sizes have addressed the position of the cerebellar tonsils in individuals undergoing imaging studies, our study is the first to provide age-and sex-specific distributions using a much larger sample. In 1985, Aboulezz et al. 1 studied 82 patients and concluded that none of the patients without posterior fossa abnormalities had tonsil position more than 3 mm below the foramen magnum. Patients with any posterior fossa abnormality on MRI were excluded from that analysis. In 1986, Barkovich et al. 7 analyzed 200 selected "normal" patients and found a mean tonsil position of 1 mm above the foramen magnum and a range of 8 mm above to 5 mm below. Ishikawa and colleagues 20 reported on 50 patients whose mean tonsil position was just above the foramen magnum. Finally, 2 recent studies reported on 170 and 203 patients to evaluate the relationship between cerebellar tonsil position and scoliosis. 13, 35 Initial studies that attempted to define cerebellar ton- sil position in normal individuals were limited by a very small number of patients, which precluded normative analysis by age. Mikulis et al. 25 were the first to analyze age-related changes in normal tonsil position. They studied the MR images of 221 patients between 5 months and 89 years of age, with 18-30 patients in each age decade. They found a trend toward a more cranial tonsil position with advancing age. Unfortunately, because of the relatively small number of patients included in that study, they were unable to perform a detailed analysis of the distribution of tonsil location in specific age groups. They suggested that tonsil height increased during childhood, remained relatively static during adult life, and then increased again in late adulthood, although they acknowledged that they had an insufficient number of patients to prove that theory. Our observations suggest that mean cerebellar tonsil position changes associated with advancing age differ from the pattern that was postulated by Mikulis et al. in two important ways. First, we found that mean tonsil height follows a pattern of decrease, not increase, early in life. Mikulis et al. speculated that early in life, cranial volume is often insufficient for the posterior fossa contents, and as a result the tonsils are frequently displaced through the foramen magnum. Although we found many instances of such morphology, we found several instances of high tonsil position in the 1st decade as well. We noted that tonsil position in the 1st decade was extremely variable, with a relatively high mean position as well as a sizable group of low-lying outliers. Another difference between our results and the theory advanced by Mikulis et al. is found in the adult age range. Rather than abruptly increasing in the elderly after a long static period in the middle-age decades, mean cerebellar tonsil height increases steadily with advancing age throughout the adult age range.
Chiari malformation Type I is more frequently diagnosed in females. 16, 23, 27, 33 Sex differences in tonsil position in the normal population have not been extensively studied. Sun et al. 35 found that girls with scoliosis had a slightly lower mean tonsil position compared with boys, although the difference was not statistically significant in their small sample. We found that female sex was significantly associated with a lower mean tonsil position in all age groups. Although most patients had symmetric right and left tonsil positions, we found that the right tonsil tended to be lower than the left in patients with lower tonsils. This right-sided predominance was also noted by Tubbs et al. in a prior series of 42 patients with CM-I. 41 The finding that the right-sided tonsil is generally lower than the left in patients with a low tonsil position is of uncertain significance and joins a list of other similarly unexplained side preferences including dominance of the right transverse sinus, left vertebral artery, and left middle fossa arachnoid cysts. 4 It is probable that Chiari symptoms and the formation of spinal syringes are the result of crowding at the foramen magnum, thus leading to abnormal CSF movement at the craniocervical junction.
19 Since crowding is difficult to quantify, CM has usually been diagnosed on imaging by determining a cerebellar tonsil position at least 5 mm below the basion-opisthion line, with some groups even considering a tonsil position 3-5 mm below the foramen magnum as evidence of a "borderline" CM. 1, 7, 11, 12, 16, 24, 25, 33, 42 General acceptance of this definition followed the publication of several (previously discussed) clinical studies at the dawn of the MRI era. 1, 7, 20 It is worth noting that the imaging definition for CM was based on studies involving very small numbers of patients. First, in 1985, Aboulezz et al.
1 evaluated 82 patients and concluded that none of the patients without posterior fossa abnormalities had a tonsil location more than 3 mm below the foramen magnum. Patients with any posterior fossa abnormality on MRI were excluded from that analysis. In another study, these authors found that all of 13 patients with CM had a tonsil position more than 5 mm below the foramen magnum. One year later, Barkovich et al. 7 reported the MRI findings for 200 selected "normal" patients and 25 patients who were considered to have symptomatic CM. In that small and selected sample, they found that the range of tonsil position in "normal" patients varied between 8 mm above to 5 mm below the foramen magnum. Tonsil position for CM patients in that study varied between 3 and 29 mm below the foramen magnum. With these results in mind, Barko vich et al. determined that a 3-mm definition for CM would result in 96% sensitivity and 99.5% specificity. These au thors suggested that it is better to err on the side of a false-positive diagnosis when determining the most proper cut off for Fig. 2 . Graphs illustrating the mean lowest tonsil position according to the distance from the foramen magnum (mm) by patient age (yrs). Error bars represent the standard error for a calculated mean for this population by decade. Upper: The mean lowest tonsil position by age in 2400 patients. Lower: The mean lowest tonsil position by age in 2378 patients. Twenty-two patients with a clinical diagnosis of CM were excluded from the original 2400 patients.
normal versus pathological cerebellar descent.
7 Their initial studies indicated that one could be confident that a patient with a tonsil position 5 mm beneath the foramen magnum was different from the normal population in a way that implied a distinctly pathological anatomy. In contrast to these initial reports, several groups have found that many patients with tonsils located more than 5 mm below the foramen magnum are asymptomatic. 2, 16, 23, 33 In 1992, Elster and Chen 16 found that 30% of patients with descent between 5 and 10 mm were asymptomatic. More recent reports have shown an even larger percentage of asymp tomatic individuals who meet the diagnostic criteria for CM-I on imaging.
33 Thus, the use of a discrete 5-mm boundary for a clinical syndrome is not as specific as early investigators had suggested.
In normal individuals, the position of the cerebellar tonsils falls along a normally distributed continuum, and a position 5 mm below the foramen magnum falls on the low side of that continuum. A group of individuals presenting with common complaints is likely to contain many whose tonsil position is part of the tail of the normal distribution. Unfortunately, the current clinical tendency appears to be unreservedly admitting such patients to a pathoanatomical group we call CM-I based on tonsil position alone. In view of our results, we believe that this should be reconsidered. Although cerebellar tonsil position in scoliosis is controversial, several studies have provided additional insight into the distribution of cerebellar tonsil position in this context. 13, 14, 35 Sun et al. revealed that the lowest tonsil position in patients with scoliosis followed a normal distribution, 13, 35 which is consistent with our own finding of an essentially normal distribution of tonsil position in all age ranges.
In our previous publication 33 detailing the prevalence of CM-I in children undergoing imaging, we found that 3.6% of the children had a tonsil position ≥ 5 mm below the foramen magnum. In the present study, however, we found a slightly higher prevalence for the same age group. The previous cohort was generated based on radiology re- ports with direct review of images in only those cases that were initially identified by a key word search of the medical and radiographic record. In that study, a patient with a tonsil position 5 mm or more below the foramen magnum but with no recorded comment on tonsil position or CM would not have been identified. The current study involved a random sample of our imaging database without regard to identified pathology. In fact, of the patients with tonsils 5 mm or more below the foramen magnum, CM was mentioned in the radiology report of only 39 (53%) of 74 patients.
Several groups have shown that patients with CM have a reduced posterior fossa volume resulting in craniocerebral disproportion, or crowding, in the posterior fossa. 6, 15, 17, 26, [30] [31] [32] 37 Although cerebellar tonsil measurements are a convenient marker for crowding at the foramen magnum, the correlation is far from exact. In some cases, patients with tonsils less than 5 mm below the basion-opisthion line can have clinical presentation of Chiari syndrome and even syringomyelia due to crowding at the foramen magnum. This is consistent with recent studies that have found no clinical differences between CM-I and CM-0.
21,38
Conversely, many patients with a tonsil location more than 5 mm below the basion-opisthion line are asymptomatic and do not demonstrate evidence of crowding at the foramen magnum. 9, 27, 33, 34 Given the relatively small number of patients with pegged tonsil morphology, sex was not associated with an increased likelihood of pegged tonsils. An analysis that includes more patients with pegged morphology will be necessary to better understand that relationship. Furthermore, we confined our measurements to tonsil position with respect to the foramen magnum. Future study will be required to understand the relationship between tonsil position and posterior fossa volume and cerebral volume in those without CM. We hope the findings in the present study will stimulate more investigation in these areas.
Selection bias must be considered in any interpretation of these results. Most importantly, our patients were randomly selected from a population of those undergoing imaging rather than the entire population. All patients in this series were selected for intracranial imaging, and the distribution of tonsil position in this group cannot be expected to exactly match that of the population as a whole. To mitigate this bias, we attempted to identify any patient in whom CM had been clinically diagnosed and excluded them from portions of our analysis. Nevertheless, by excluding these patients, it is possible that we introduced yet another bias, especially given the prevalence of CM in the population. We believe that the best estimate of true tonsil position in the population can be made by considering both sets of results; thus, we have presented both. Furthermore, it is worth noting that the percentile estimates and general trends do not differ substantially whether or not the CM patients are included, reflecting the fact that relatively few patients were excluded from our secondary analysis because of a clinical diagnosis of CM. Patients with posterior fossa arachnoid cysts were also excluded. These cysts are common in the general population and usually asymptomatic. 3, 4 Nevertheless, since these cysts are occasionally associated with tonsillar ectopia, we chose to exclude patients with these lesions from our analysis.
8,18

Conclusions
Cerebellar tonsil position follows an essentially normal distribution and varies significantly by age. This finding has implications for advancing our understanding of CM-I.
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